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ABSTRACT 
The present study focuses on the behavior of major, minor and trace elements during fluidized bed 
coal combustion, at 85OT in a 0.14 m i.d. atmospheric reactor. The combustion ashes were 
continuously taken out of the bed. The rest were elutriated by the combustion gases and collected in 
two cyclones and a baghouse filter located at the outlet. A low volatile bituminous coal from the 
Asturian Central basin (North of Spain) was used for the experiments that comprised two tests; 
with and without addition of limestone. The concentrations of 57 elements were determined in the 
coal and in  the different combustion ashes by ICP-MS, ICP-EAS, and XRF. Elements normally 
present in the combustion flue gases as vapor, such as Hg and As were sampled in impingners, and 
determined by cold vapor atomic absorption, and I S 0  R-601 standard method. Using these 
methods these elements were not detected in the gas phase. No major differences were observed on 
the behavior of trace elements during combustion with and without limestone addition. The results 
show a clear grain size segregation of elements of environmental concern such as As, Co, Cu, Hg, 
Mo, Ni, Pb, Sb and Se. These elements are enriched in the finest grain size fraction. The grain size 
partitioning could be attributed to the following processes: a) physical segregation of major and 
trace elements in the reactor, due to differences on the distribution of these elements in the feed coal 
and, b) chemical segregation due to volatilization and condensation from flue gas. 

INTRODUCTION 
Information about of relative contribution of "hazardous air pollutants" trace elements to the 

these contaminants. Future environmental regulation of these emissions will be more stringent. 
During pulverized coal combustion (PCC), trace elements are partitioned between the bottom ashes, 
fly ashes and vapor, according, not only to the operating conditions and furnace design, but also to 
their mode of occurrence. This mode of occurrence differs in coals from different origins. Trace 
element partitioning in PCC has been extensively studied and although there are some aspects 
related to their behavior that need to be clarified, some generalizations have been established'". A 

condensation of volatile species from the flue gases on the surface of fly ash particles has been 
found '-6. 

The fate of trace elements during fluidized bed combustion (FBC) has received less attention and 
information in the literature is scarce. It can be assumed that trace elements volatilization at the 
typical fluidized bed combustion temperatures (4XlOT) will occur in less extension than in 
pulverized coal combustion (>14OO"C). However, the expected reduction of trace element 
emissions in FBC could be partially offset by the longer residence times. Experimental data on the 
behavior of trace elements in FBC are. inconclusive and depend on the type of coal and operating 
conditions. Most of the measurements of trace elements emissions from FBC have been obtained in 
atmospheric plants but some data are available for pressurized fluidized bed combustion7. 
Regarding the operating conditions, it has been observed that trace element emission in FBC can 
be reduced by changing the depth of the bed3.8. Thus, when the bed depth is reduced to half, 
emissions of selected trace elements decrease between 5% and 50%. When comparing the trace 
element behavior for PCC and FBC some differences have been found. For instance, it has been 
observed that in FBC systems, emissions of elements such as Hg, As, Pb, Sc, Co, Na and K are 
lower than in PCC1, even be below the emission standardsg. The enrichment of volatile elements in 
the finest ash particles, which occurs regularly in PCC, does not happen in some FBC systemsI0. 
However in other studies3.ll it has been observed that trace element concentration increases with 
decreasing particle size. It should also be remarked that in some tests, Hg was the only element 
detected in the gas phase in flue gases from FBC', whereas in PCC other elements such as B, CI, 
F, Se and As were frequently present. The effect of limestone, added to control of SO2 emission, 
upon trace element behavior is not clear. Thus, it has been observed that As, Cd, Pb, and Se 
emissions were significantly reduced with limestone additionz. In the other hand, it has been 
reported that addition of limestone gave rise to an increase in Pb, Cd and Mn emissions, which was 
justified by the likely presence of these elements in the limestone3. In a study carried out in PFBC, 
it has been concluded that trace elements emissions with or without limestone addition is similar7. 

With the aim of contributing to the knowledge of the behavior of trace elements during fluidized 
bed combustion, in the present work, experiments with and without limestone addition, were 
carried out. 

EXPERIMENTAL PART 
Coal combustion was carried out in a laboratory-scale continuos fluidized bed reactor (0.14 m i.d.). 
The coal, ranging in size from 0.16 to 1.5 mm, was fed in continuously. Most of the ashes were 
continuously taken out of the bed. The rest were eluviated by the combustion gases and collected in 
two cyclones and a baghouse filter placed in the outlet The experiments were canid out with a 
fluidization velocity of 0.7 d s ,  an air excess of 30% and at combustion temperature of 85OOC. 

atmospheric emissions from coal combustion is important to evaluate the environmental impact of ?1 

relative enrichment of trace elements in fly ashes, specially in the fine grain size fractions due to 7, 

/ 

796 



The sampling train for recovering trace elements from flue gases, was similar to the equipment 
specified by the US Environmental Protection Agency (EPA). The reagent used in the impigners 
was 0.5 M HNO3. The content of Hg and As in this solution were determined by cold vapor 
atomic absorption spectrometry, and the IS0 RdOl standard method. 

A low volatile bituminous coal from the Asturian Cenbal basin (North of Spain) was used in this 
study. The proximate, elemental analyses and sulfur forms are given in Table 1. The concentrations 
of57 elements in the coal, ashes from the bed (R), from the two cyclones (C1 and C2), and from 
the baghouse filter (BF), were analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP- 
MS) and Inductively Coupled Plasma Emission Spectrometry (ICP-AES). A special two stage 
sample digestion method'* for ICP analyses was used in this study in order to avoid the loss of 
volatile elements during sample treatment. Because sample preparation for ICP analysis involves 
digestion with HF, the Si content was determined by X-ray fluorescence spectrometry (XRF). 
Particle size distribution of the collected ashes was measured in a Counter Coulter apparatus. In 
order to analyze the effect of limestone addition upon the trace element emission, an experiment 
was carried out with limestone (coalllimestone weight ratio: 37). The limestone was fed into the 
reactor in sizes between 0,l and 0.5 mm This limestone sample does not contain significant trace 
element concentration with the exception of 1589 ppm of Sr. 

RESULTS AND DISCUSSION 
The concentrations of major, minor and trace elements in the coal and combustion ashes R, C1, C2 
and BF are given in Table 2 Concentrations in the coal have been refered to ashes in order to 
normalized the results. Major and minor elements have been also determined in order to ensure a 
balance of volatile and non-volatile elements during the experiments. The accuracy of the mass 
balance depends upon the ash sampling in the reactor which involves some errors, but roughly 
allows to estimate that elements such as As, Be, Cd, Hg and Se, could be partially released in 
vapor phase or condensed in the cold parts of the system. In spite of that, Hg and As analyzed in 
the flue gases by the methods already described, were not detected in the gas phase. The 
concentration of most of the trace elements decreases in the bed ashes (R) and increases in the fly 
ashes, mainly in those from the C2 and BF. This segregation could be attributed to two different 
processes: one is the physical segregation of major and trace elements in the reactor due to 
differences on the distribution of these elements in the feed coal and the other, the chemical 
segregation due to volatilization and condensation from flue gas. 

In a previous work. mineral matter composition in this coal has been analyzedl3. Illite, chlorite, 
kaolinite, quartz, pyrite, calcite, dolomite and siderite were the major minerals identified. After coal 
combustion in the FBC, illite and quam remained mostly unaltered in the ashes but the other 
phases were transformed in oxides and sulfates'3. We should kept in mind that some of these 
minerals, are dispersed as fine particles of inherent mineral matter. Moreover, when the coal 
particles are burnt at the temperatures used in FBC (Le. 850"C)some particles of mineral matter 
retam their original size or can be fragmentate. The mineral species of finest particle sizes are 
preferentiallyelutriated with the flue gases and a depletion of their concentration in the R ashes is 
expected. Concerning to the major elements (Table 2), this depletion is more significant for the 
elements present as carbonates (Ca, Mg, Fe), and also occurs for trace elements with carbonate 
affinity, such as Ba and Sr. 

In the other hand, volatile trace elements are preferably concentrated in the fly ash particles. This 
behavior is more remarkable for some elements such as As, Co, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sr 
and Zn. The study of the particle size distribution in R, C1, C2 and BF ashes. has shown that the 
C1 ash particles have reached sizes up to 60 pm, although 90% of the total volume of this particles 
are smaller than 8 pm. Maximum size particles found in the C2 ashes are of 15 pm, 90% of the 
total volume being smaller than 2 pm. and in the BF the maximum size is of 10 pm but 90% of the 
volume is smaller than 2 pm. The study of the enrichment of some trace elements on finest fly ash 
particles is of special interest In order to eliminate the variability of different ash product 
characteristics, the enrichment factors (EF) were normalized to the concentration of AI. The EF of 
an element x is related to the concentration c of AI in coal ashes or combustion ashes as follows: 

(CX 1~~1)mmb~suoo &a 

(cx /CAl)Cd d l c s  

Enrichment factors calculated for some trace elements of major environmental concern, in the 
experiments with and without limestone addition, are shown in Figure 1. The rest of the elements 
studied, can be classified in three groups according to the EF values, in a similar way that has been 
done for PCC systems1-3. (I) low volatile trace elements are those with no significant enrichment 
or depletion in all the ashes (R; C1; C2 and BF). Cs, Ga, Ge, Nb, Sc, Ti, TI, V, Zr, and rare 
earth. (11) elements that vaporize during combustion and condense on the surface of the smaller fly 
ash particles (mainly in C2 and BF). As, Bi, Co, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sn, Sr, W and Zn 
are in this group, (Ill) elements that remain mostly in the vapor phase, that have enrichment factor 

,<l  in all the ashes. Be and Cd follow this behavior. Other elements that are. included normally in 
'this group such as Hg or Se, were in part retained in the ashes. 

The comparison between the composition of the ashes obtained from the tests carried out with and 
without limestone addition, has shown that retention efficiencies for most elements are similar in 
both cases. We should note that most of the Ca from the added limestone is retained mainly in R 
and C1, but in C1 in less extension Particles rich in Ca, elutriated with the more fine fly ashes (C2 
and BF), belong mainly to the carbonates originally present in the coal. Some elements such as Fe, 
Co, Cu, Sn and Zn are more concentrated in the fly ashes obtained with limestone addition. This 
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fact cannot be explained in terms of particle size and vaporization-condensation mechanism, such as 
has been done in other similar experiments3. According to the results of the Coulter Counter 
analysis, the size distribution of CI ,  C 2  and BF obtained during the test carried out with limestone 
addition is similar to the size distribution in the test without limestone addition. 
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Table 1- Analyses of coal I :  

content wt % .i Proximate (db) 
Volatile Matter 9.62 
High Temperature Ashes 31, l  
Elemental (a%) 
C 62.1 4 .’ 
H 2.69 
N 0.96 
S rorala 0.60 
0 (by diff.) 2.55 
Olher (db) r 
SpYritiC 0.21 
Ssulfate 0.02 
S org-(by diff.) 0.37 a& (fron CO32-) 1.17 

J !  

I 

Table 2.- Element concentrations in the ashes obtained in the experiences canied out without and 
with limestone addition, analyzed by Inductively Coupled Plasma Mass Spectrometry (l), 
Inductively Coupled Plasma Emission Spectrometry (2). or both (3). Concentrations are in ppm 
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Figure 1. Enrichment factors EFfor the ashes taken from the bed (R), cyclones (C1 and C2) and 
baghouse filter (BF), in the experiences with (0) and without limestone (0). 
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